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GLOSSARY 


TECHNIQUES 


SEM - Scanning Electron Microscopy 

EDAX - Energy Dispersive Analysis of X-ray Eluorescence 
ESCA - Electron Spectroscopy for Chemical Analysis (X-ray 
photoelectron spectroscopy) 
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MATHEMATICAL SYMBOLS 


E - elastic modulus 

G - energy dissipated per area during fracture (fracture 
toughness ) 

a - length of initial crack 
6 - thickness of zone of fracture 


Oj - stress at which fracture occurs 
Yg - surface energy created during fracture 
ij) - all other components of G, except y , including work 
of plastic deformation, sound, lighf, etc. 

F - force of peeling tape 
0 - adhesive failure energy 

0Q - work of bond fracture after rheological losses have 
been taken into account 

- thermodynamic work of adhesion 

Tq - intrinsic adhesive failure energy 
F° - intrinsic adherend failure energy 
i°- fraction of interfacial failure 
r - fraction of adhesive failure 
s - fraction of adherend failure 
Tg - glass transition temperature 
d - rate of crack propagation 

- WLF shift factor 

Y^ - critical surface tension 


CHEMICALS. SOLVENTS, ETC. 

BTDA - Benzophenone Tetracarboxylic Acid Dianhydride 
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DG - Diglyme 

DMAC - Dimethylacetaraide 
DMF - Dimethylforraamide 

HT-S/P13N - Hercules Graphite f iber/Ciba-Giegy Addition Polyimide 
LSS ~ Lap Shear Strength 
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I . INTRODUCTION 


Adhesive bonding of aerospace systems and components is 
increasing at a rapid pace. Substantial cost savings can be 
obtained- primarily because of reduction in weight and in manu- 
facturing costs. Other advantages over riveted or bolted struc- 
tures are facile Joining of thin and contoured sheet's, reduced 
stress concentration and galvanic corrosion, etc. Adhesives are 
the only practicable way to Join fiber- reinforced composites and 
honeycomb structures . 

However, the service requirements become ever more rigorous, 
exceeding the propery limits of most synthetic organic polymers. 
For example, the current goal is an adhesively bonded structure 
exhibiting usable strength for 10,000 hours- at 600*^F ('316°C) . 

The total system also must be able to withstand exposure to high 
humidity and severe temperature cycles. Furthermore, restrictions 
are placed upon polymer synthesis by the need for good process- 
ability with very low volatiles under stringent autoclave 
conditions . 

Obviously an interdisciplinary research program is necessary 
to solve the many problems involved in the application of adhesive 
bonding in aerospace technology. Such a program was initiated 
in October 1972 at VPI & SU under Contract NASl-10646-14, with 
the initial objective of evaluating surface characteristics 
associated with good adhesive Joints. NASA Langley Research 
Center provided the aerospace engineering, polymer synthesis and 
testing aspects of this collaborative approach to improved, high- 
performance adhesive technology. This report is the third of a 



series (1,2) demonstrating that the techniques available at VPI & SU 
are useful to characterize adherend and fracture surfaces of 
particular interest to NASA. The results of the first two years 
of surface studies have been published (3) and appended to this 
report. Recently LaRC personnel have published some of their work 
on this program (4-6). 

During the current grant period, our earlier studies at 
YPI & SU were continued, using SEM, EDAX, and ESCA to elucidate 
the physical and chemical nature of (1) Ti and A1 adherend surfaces 
after various surface treatments, and (2) the effects on fracture 
surfaces' of high temperature aging, and variations in amide, 
anhydride and solvent during polymer synthesis. New studies were 
carried out to characterize the effects of (1) high- temperature 
during shear strength testing, (2) fiber- reinforced composites as 
adherends , (3) acid/base nature of adherends, (4) alum inum powder 
adhesive filler, and (5) bonding pressure. The new EDAX capability 
on the SEM stood out as an exceptionally powerful tool for the 
study of NASA-LaRC problems , 

Expertise Increased at both locations during the latter half 
of the grant period, with the addition of two Research Associates 
with considerable experience. Therefore, this report will attempt 
to bring together the related details of the first three years of 
work, and indicate the most promising directions for future research. 
Comprehensive and unifying theories of adhesion have appeared 
recently and it is within the framework of these theoretical ideas 
that all of the results to date cohere’, and the next experimental 
steps are clarified. 
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The Physical Basis of Adhesion 


Kaelble (7) identifies each of the factors involved in 
adhesive bond performance , and thoroughly reviews the experi- 
mental and theoretical details of each factor separately. However, 
the overall picture is so complex that he leaves the reader with, 

"The challenge is to apply and intelligently combine these separate 
theories in order to describe adequately the true physical chemistry 
of adhesion..." More recently, Good (8) (collaborating with M. L. - 
Williams, et al.) and Andrews and Kinloch (9) (following the lead 
of A. N. Gent) have proposed different forms of unified adhesion 
theories. Also very useful in understanding the main factors 
that determine the strength of adhesive joints, and especially the 
micro-mechnics of brittle adhesive failure, is a brilliant, but 
obscure review due to Orowan (10). The following overview of 
adhesion theory borrows liberally from- these four primary references. 

The various factors influencing adhesive joint strength are 
most logically organized by first analyzing the phenomenon into 
three component parts: (1) the materials from which the joint is 

constructed (2) the process of forming the joint (and aging), and 
C3) the fracture of the joint. Now the most efficient approach 
to arrive at a quantitative theory is to ignore the first two 
parts above at first, and study part (3), considering the formed 
joint as one piece of material. The analysis proceeds according 
to the classical Griff ith-Irwin crack theory of fracture mechanics. 
The results show that the important parameters are: (1) the 
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elastic modulus, (2) the energy dissipation per unit crack extension, 
and (3) the thickness of the zone in' which the fracture occurs. 

As the- name of the theory anticipates, a basic assumption is 
necessary about the distribution of the size of initial cracks 
and their location in the matrix. Since there is little data 
available from which to construct a model for the initial dis- 
tribution of crack-initiation sites, theoretical analyses assume 
the initiation sites to be constant length and randomly distributed 
in the matrix (.8). More accurate and quantitative accounting of 
the initial distribution of cracks brings part (2) above into the 
theory, i.e., in NASA-LaRC adhesive joints, it is the process of 
forming the joint that determines the initial crack distribution 
(1-3). 

Let us analyze a model of a NASA-LaRC adhesive joint, treating 
only one interface (figure 1). 



-8 0 +S z— > 


fIGURE 1. Simple model of one interface of a NASA-LaRC adhesive 
joint under tension. 

The Griff ith-Irwin theory shows that for a solid of elastic 
modulus E, containing a crack of length £, the stress at 
which fracture will occur is given by 
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( 1 ) 


= K VeG/JI 

where K ^ 1 is a constant , and 

G = 2Yg + lb (2) 

is the total work dissipated per unit crack extension (fracture 
toughness). Some work is stored in new surface energy, y . Note 

o 

that Y is not related to the surface energy. of the adherend 
' s 

unless the fracture proceeds exactly at the interface. In fact, 

interfacial failure is rare, and usually ^ ^ includes 

all other dissipative processes, primarily the energy lost in 

the elastic and plastic deformation of the two phases. The 

dissipative work G must he done in a layer of thickness 26 , which 

increases with increasing G. 6 has been estimated to be on the 
—5 

order of 10 cm. 

Based on the earlier results (1-3) it is reasonable to 
assume that the fracture zone in NASA-LaRC systems is within 
an order of magnitude of this distance from the adherend inter- 
face. 

Returning to the model in Figure 1, let the values of G be 
Gj^ in the adherend and G^ in the adhesive, and similarly designate 
the elastic moduli and ^2- Now we shall proceed qualitatively 
by replotting Figure 1 to reflect reasonable assumptions about 
the trends in E(z) and G(z). Then we shall apply the Griffith- 
Irwin equation by holding Z constant and inspecting our new plot 
for minima in the product E x G (see equation 1). Thus the loca- 
tion of the "critical crack" that will initiate failure at the 
lowest value of stress will be determined. 
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Clearly G and E will be greater in the metal adherend than 
in the polymeric adhesive; the simplest case is shown by the 
solid lines in Figure 2, which represent strong bonds across 
the interface and continuous variation of properties from one 
phase to the other. From inspection of Figure 2, the minimvun in 



“8 0 +8 

FIGURE 2. Model joint showing qualitative estimates of the elast- 
ic modulus (E) and fracture toughness (G). Solid lines- 
uniform variation of properties and strong interfacial 
forces. Dashed lines-weak interface (G) and weak poly- 
mer surface (E) . 

the product E x G occurs in the adhesive ^ and thus for equal- 
sized initial cracks, fracture will occur at some distance from 
the interface. The dotted lines in this figure represent the 
case of weak interfacial bonds (G) or a decrease in polymer mod- 
ulus (E2) near the interface. In this. .situation - f(E x G) 

will be minimal very close to, or actually at the interface, 
depending upon the exact gradients of E(z) and G(z). If the 
adherend is a polymer/fiber composite, then the modulus and frac- 
ture toughness may be equal to, or even less than the adhesive, 
and the theory would predict failure in the composite. 

It is useful to summarize the theoretical picture at this 
point. First we analyzed an adhesively-bonded joint from the 
point of view of the strength of materials (fracture mechanics) 
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and discovered four important factors, (1) the elastic moduli, 

(2) the fracture toughness, (3) .the thickness of the region of 
failure, and (4) the size and location of cracks "built into" 
the joint. Then we neglected (4) and qualitatively determined 
the effects of (1) and (2). Basically the result is that failure 
will occur in the phase where the product of the elastic modulus 
and fracture toughness is. minimal. Interfacial failure will occur 
only if the forces across the' interface are very weak, and if this 
is the case, the overall strength of the joint will be very low, 
too. 

Simple consideration (10) will emphasize the fact that the 
strength of useful joints derives primarily from, the physical 
response of the adhesive (or adherend) , either through viscoelast- 
ic defoi'mation or by a self-arresting crack mechanism as in the 
case of brittle adhesives. Consider that in the peeling experi- 
ment shown in Figure 3, the work of peeling is dissipated only by 
the new surface created. The force required to peel the joint is 


tF 

^ 

I 

FIGURE 3. Schematic diagram illustrating the peeling of a 
flexible adhesive tape from an adherend. 

simply equal’ to the total surface energy created in reversible, 

isothermal peeling, 2y . Now the highest accurately measured value 

s 

2 

of y is that of mica, found to be 4500 erg/cm in high vacuum, 

o 
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corresponding to strong ionic .bonding (11). With this value, 

F = 2y = 9000 dyne/cm 

^ 1 ounce per inch width. 

For van der Waals bonding usually though to be operative in 
polymeric adhesives, the peeling force would be some two orders 
of magnitude less. 

The point is that simple atomic or molecular bonds cannot 
give useful adhesion because the range of action is much too 
short. A comparison of the tensile stress versus separation dis- 
tance during the peeling of mica and adhesive tape is semi- 
quantitatively sketched in Figure 4. In the case of mica, the 



lOSA 


DISTANCE 


FIGURE 4. Semi -quantitative sketch of the tensile force 

separation distance during the peeling of mica and 
adhesive tape. Note the different scales of the axes. 

o 

critical separation beyond which the force drops rapidly is <5A; 
the maximum stress is about 4 x 10 psi, and the area under the 
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2 

curve is approximately 5,000 erg/cm . On the other hand, the max- 
imum tensile stress developed by the adhesive tape is probably 
several thousand times lower than mica, say 2,000 psi. The range 

of separation over which this stress develops, however, is of the 

— 3 5 2 

order of 10 cm, and the area under the curve is 10 erg/cm . Thus 

the work of separation of the mica is less by two or three orders 

of magnitude : a thin .lamella can be blown from a sheet of mica 

by mouth. 

To explicitly and quantitatively accoiuit for the separate 
contributions of interfacial properties and bulk rheology, we use 
the model of Andrews and Kin loch (9). They show that the adhesive 
failure energy, 

0 = 0^-f(E) (3) 

where 0^ depends only on the physical and chemical nature of 
the fracture surface, and f is a function of R, the "reduced” 
rate of failure propagation obtained from rate and temperature 
data using the WLF equation.. 0^^ is the work of bond fracture and 
can be expressed generally by 

0.^ = i W„ + rx + s F ■ (4) 

0 a o . o ' ^ 

where i,'r, and s are respectively the area fractions of inter- 
facial, adhesive and adherend failure, and W , x and F are the 

’ a’ o o 

respective intrinsic failure energies. For pure interfacial 
failure 0 = W , the thermodynamic work of adhesion. 

O ci 

Experimental data required by this theory are (1) quanti- 
tative surface analysis to determine the fractions of interfacial 
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and bulk failure, i.e. i, r, and s in equation 4, (2) the intrinsic 
failure energies, , t^,‘ and and (3) the overall .joint failure 

energy 0 measured as a function of temperature and rate of crack 
propagation. Our previous reports (1-3) have shown that techniques 
available at VPI & SU, particularly SEM, ESCA and contact angle 
measurements provide qualitative surface analysis; with some fur- 
ther effort, sufficiently quantitative data to use in part (1) . 
above should be obtainable. The work of adhesion, W can be 

ci 

approximated by W = 2y , where y is the "critical surface 
tension" of the solid, measured by the contact angle method of 
Zisman (12). The bulk intrinsic failure energies of the adherend 
and adhesive are the minimum tearing energies , below which no 
failure can occur regardless of rate or temperature; fatigue 
studies provide the necessary data. To test whether the overall 
failure energy is viscoelastically determined, the standard WLF 
procedure of polymer rheology is employed; the failure energy 
is multiplied by the factor T /T, where T is the glass transi- 

o o 

tion temperature, and the rate of crack propagation, c, is multi- 
plied by a,p, the WLF shift factor that accounts for the change 
in free volume with temperature. The viscoelastic basis of the 
failure energy is proved by the superposition of data at dif- 
ferent rates and temperatures on one master curve when log 
(0 Tg/T) is plotted against log (c a^) . 

Andrews and Kinloch prepared joints with different surface- 
energy substrates bonded to a single SBR rubber, crosslinked in 
situ with one initial crack located at the interface at the edge 
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of the test specimen. They found unique WLP curves for each SBR- 
substrate pair, independent of the size of the initial crack and 
also the geometry of the test piece (tensile, peel or shear). 

The curves for different substrates were parallel, confirming 
the validity of equation 3, and evaluation • of the energy available 
per area for the actual process of bond cleavage at the inter- 
face after rheological losses have been taken into account (6^) 
gave values close to the thermodynamic work of adhesion, if fail- 
ure was 100% interfacial. Where failure was partly cohesive, 

about 80% of the value of 0 was accounted for by the intrinsic . 

o 

failure energy of the adhesive (r in Equation (4)), even though 
O < r < 0.2. 

The purpose of this section on adhesion theory is twofold: 

Cl) Provide a general framework in which all the experimental 
results to data can be discussed and interpreted, and (2) Identify 
the most important factors to study in order to guide research 
toward improved high-performance adhesive systems. All the recent 
theoretical work on adhesive bonding points to the utility of 
detailed analysis of the fracture surfaces as the first step in 
elucidating any adhesion phenomena. Thus having determined 
whether the failure is interfacial or in the adhesive or adherend, 
and also whether the joint was made without flaws, then one can 
confidently decide whether to seek improved adhesive-strength 
performance via improvements at the interface-, in polymer (or 
other materials of construction) properties, or in the technique 
of making the joint. 
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II. EXPEEIMENTAL 


A. Apparatus and Procedures 

1. Scanning Electron Microscopy (SEM) 

Photomicrographs were obtained (survey at 20X or SOX, high 

magnification at 200X or 500X, and highest magnification at 

lOOOX to 5000X) using the Advanced Metals Besearch Corporation 

Model 900 scanning electron microscope operating at 20 kV. The 

specimens were cut to approximately 1 x 1 cm with a high pressure 

cutting bar and fastened to SEM mounting pegs with adhesive- 

coated, conductive copper tape. To enhance conductivity of in- 

o 

sulating samples, a thin ('^^200A) film of Au/Pd alloy was vacuum 
evaporated onto the samples. Most photomicrographs were taken 
with the sample inclined at 20° from incident electron beam. 

2. Energy-Dispersive X-Eay Fluorescence (EDAX) 

Eecent improvements in energy-dispersive x-ray analyzers 
allows rapid elemental analysis to be carried out in the scanning 
electron microscope (13). The EDAX International Model 707A 
unit is attached to the AME-900 SEM, and was first used during 
the current grant period, 

3. Electron Spectroscopy for Chemical Analysis (ESCA) 

ESCA data were collected with an AEI ES-lOO x-ray photo- 
electron spectrometer using A1 Ka radiation (1486.6 eV) . Data 
were punched onto paper tape by the AEI DS-lOO Data System and 
plotted with a Digital PDP-8/e computer. Samples were cut to 
approximately 5 x 20 mm and secured to the gold-plated ESCA 
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probe with double-sided tape. Care was taken to cut samples 
with features characteristic of the sample as a whole. 

4. Specular Reflectance Infrared Spectroscopy (SRIRS) 

A Unicam reflectance attachment was used with a Beckman 
IR-20A infrared spectrophotometer in the specular reflection 
studies. The study of the acid/base character of adherend sur- 
faces was done by equilibrating adherend samples with dilute 
solutions of lauric acid -and undecyl amine in cyclohexane. Then 
the adherends were analyzed by SRIRS, before and after rinses 
with cyclohexane. 

B. Materials 

The Polymer Group at NASA-LaRC supplied the adherend and 
fracture-surface samples. They synthesized and formulated unique, 
new polymer adhesives (4-6), prepared the bonded joints and con- 
ducted the lap shear strength measurements according to ASTM 
D1002-64. Sample designations and descriptions, test conditions 
and strength results are listed in Table I, along with the tech- 
niques used for their study at VPI & SU. 
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TABLE I 


NASA-LaRC # 

POLYMER 

SOLVENT 

LSS 

T . @ 

aging 

800 hrs. 

T 

test 

^bond • 

COMMENTS 

SEM 

ESCA 

546D3 

LARC-III 

DG 

3775 

none 

R.T. 

40 

50% A1 

EDAX 


546D4 

TT 

TT 

1210 

II 

250°C 

IT 

TT 

EDAX 


548D3 

t> 

n 

3550 

II 

R.T. 

40 

63% A1 



548D4 

1 1 

IT 

1600 

It 

■ 250 

IT 

TT 



547D3 

Tt 

tr 

3000 

TT 

R.T. 

40 

70% A1 

X 


547D4 

TT 

n 

1875 

M 

'250 

IT 

TT 



554D3 

Tt 

II 

3715 

TT 

R.T. 

100 

70% A1 ' 

EDAX 


554D4 

II 

TT 

2335 

IT 

250 

IT 

IT 

EDAX 


555D3 

TT 

IT 

3985 

II 

R.T. 

200 

TT 



555D4 

If 

Tt 

2335 

TT 

250 

It 

II 



745D1 

BTDA+mm' DABP 

IT 

2960 

IT " 

R.T. 

50psi 

notched 

X 


745D2 

TT 

TT 

2600 

II 

1 1 

TT 

TT 



745D3 

M 


2560 

TT 

n 

11 

opp. faces 

X(pull 

dlrectn) 

745D4 

TT 

1 1 

2200 

IT 

TT 

II 

LSS=^2580+15% 



720D2 

BTDA+mm ' DABP 

M 

670 

295^0 

270 

IT 



X 

721D4 

Tt 

II 

850 

TT 

II 

II 


X(opp . 

faces) 

731D2 

I! 

' II 

• 850 

II 

It 

TT 

LSS=760+12% 


X 


TABLE I (cont'd) 


T . @ 


NASA-LaRC # 

POLYMER 

SOLVENT 

LSS 

agxng 
800 hirs. 

T P 

test bond 

COMMENTS 

SEM 

ESC A 

720D1 

BTDA+mm'DABP 

DG 

1200 

295 

250 50psi 




721D2 

n 

tf 

1720 

TT 

f f TT 


edAx 


731D3 

1 i 

T| 

1730 

It 

n Ti 

L^=1465+18% 



720D3 

BTDA+mm'DABP 

DG 

1400 

295 

225 




721D1 

1 r 

n 

2060 

TT 

M If 


EDAX 


731D4 

M 

' If 

2730 

TT 

TT II 

LSS=2065+32% 



720D4 

BTDA+mm ' DABP 

DG 

2825 

295 

R.T. " 



X 

721D3 

If 

f f 

3000 

IT 

If tt 




731D1 

1 r 

II 

4315 

TT 

TI TI 

LSS=3570+15% 

X 

X 

848D1 

BTDA+mm ' DABP 

DMF 

3680 

None 

TT TT 




848D2 

Tf 

If 

3700 

TT 

TT TT 


X 


848D3 

n 

1 r 

4000 

TT 

TT IT 




848D4 

1 r 

If 

4040 

II 

TT Tf 

LSS=3860+5% 



878D1 

ODPA+mm ' DABP 

DG 

2000 

ft 

TT fT 




878D2 

II 

II 

2850 

It 

Tf IT 




878D3 

M 

M 

4500 

TT 

IT TT 


EDAX 

”x ■ 

878D4 

1 1 

1! 

. 3840 

TT 

11 . TT 

LSS=3250+38% 



8S0D1 

BTDA+pp ' DABP 

DG 

1500 

It 

TT TT 




880D2 

Tt 

Tf 

1400 

TT 

TT II 


X( opp . 

faces ) 

880D3 

M 

TT 

1500 

If 

IT TT 


EDAX 

X 



TABLE I (cont'd) 


NASA-LaRC 

# POLYMER 

SOLVENT 

LSS 

T . @ 

aging 

800 hrs. 

T 

■"■test 

^bond 

COMMENTS 

SEM 

ESCA 

880D4 

BTDA+pp ' DABP 

DG 

3220 

None 

R.T. 

50psi 

LSS=2310+40% 



881D1 

BTDA : PMDA+mm ' DABP 

tf 

4480 

Tt 

TT 

TT 

2 moles BTDA 
1 mole PMDA 

3 moles mm '-DABP 



881D3 

" 

ti 

4920 

ir 

M 

TT 

' 

X 

X 

881D4 

Tf 

T1 

5140 

TT 

Tf 

TT 

LSS= 389 0+32% 

EDAX 


891D1 

BTDA+EAH-13 

DMAc 

3500 

It 

TT 

200psi imidized flow 
bonding of a 
film 

EDAX 


891D2 

n 

Tf 

2350 

TT 

TT 

TT 




891D3 

1 1 

Tt 

2000 

M 

TT 

TT 




891D4 

IT 

TT 

2550 

TT 

TT 

TT 

LSS=2 750+27% 


X 

946D1 

BTDA : PMDA+mm' DABP 

DG 

3360 

(T 

It 

100 

C/C ... HT-S/P13N 
molded at 400 psi 

X(opp . 

faces) 

947D1 

tt 

IT 

3690 

n 

TT 

ft 

C/C ... HT-S/P13N 
molded at 1000 psi 

X( opp . 

faces) 

948D1 

Tt 

TT 

3750 

TT 

TT 

Tf 

C/Ti... HT-S/P13N 
molded at 400 psi 

EDAX(opp. faces 

948D3 

IT 

tt 

3880 

TT 

M 

TT 

C/Ti... HT-S/P13N 
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III. RESULTS AND DISCUSSION 
A . ERACTURE SURFACES 

The major proportion of work done during the current grant . 
period concerned the study of. fracture surfaces. Four new sets 
of samples were supplied by NASA LaEC from' their 500-,, 700- , 

800- and 900-Series. The sample designations and descriptions 
are listed in Table I along with a notation on which techniques 
were employed for their study. Using the broad distribution of 
samples tabulated plus reference to the previous work (1-3), 
several conclusions can be drawn about the micro-mechanics of 
joint failure and the effects of variations in adherends , sur- 
face treatments, adhesive formulation and strength-testing para- 
meters , 


1. Aging and Testing at Elevated Temperatures 

Samples 731D1, 721D1, 721D2’ and 721D4 represent a series 
prepared with a standard BTDA+mm' -DABP/DG adhesive and exposed 
to 295^C for 30 days in air, and then shear tested at 25*^, 225*^, 
250*^ and 270°C, respectively. The strength of the room tempera- 
ture test (about 3600 psi) shows that very little thermal- or 
oxidative-degradation occurred during the severe exposure (N.B. 
joints were not stressed during aging). Strength drops rapidly at 
the higher testing temperatures. 

SEM examination of this series of samples (Figures 5-9) 
indicates that two processes occur as the testing temperature 
increases: (1) the percentage of interfacial failure increases 
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dramatically, and (2) the amount of plastic deformation and brittle- 
fracture surface decrease's. Apparently the increased temperature 
weakens the forces across the polymer-metal interface, and the 
polymer experiences less stress. Eecall that theory predicted that 
Joint strength would decrease as the fraction of interfacial fail- 
ure increased. 

The same general features characterize the fracture surface 
of the sample tested at room temperature (Pigure 5) as .have been 
seen in previous (unaged) high strength samples (1-3). At lower 
magnification there is a fairly uniform distribution of raised 
material that forms a filigree pattern (A) superimposed upon 
lower, smooth, oblong areas (B) that have dimensions ranging from 
0.02 to 0.5 mm, approximately. The low areas are the bottoms of 
voids that were probably created during the formation of the 
joint and expanded ■ during fracture. The filigree is composed of 
the void-cell walls that have undergone plastic deformation and 
finally fractured, primarily by a brittle cleavage-crack propa- 
gation mechanism. Some of these cracks are smooth and quite paral- 
lel to the substrate such as in area C on the higher magnification 
photomicrograph, but also fine louvers, tilted at an angle to 
the adherend, appear along the curved line that comes down the 
center (D) . No doubt the fracture process is practically adiabatic, 
creating locallized "hot spots" that could promote ductility indi- 
cated at E. Note that only a very small amount of interfacial 
failure appears and many very thin walls result from plastic deform- 
ation. 
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Two magnifications of sample #731D1 that gave 3570 
at room temperature after aging 30 days at 295°C. 
previous (1-3) high-strength samples. 


psi shear strength 
Features similar to 


FIGURE 5. 







Generally similar features are seen in the first high temper- 
ature sample (Figure 6), but the proportion of interfacial fail- 
ure (A) and void area (B) has increased. Areas of adhesive that 
have detached from the opposite adherend show that original inter- 
facial contact was good, because the polymer faithfully replicates 
the detailed surface features of the titanium in area C. Compar- 
ing Figures 5 and 6, it is tempting to say that the voids have 
coalesced in the latter, sometimes reaching dimensions over 1 mm. 
Correspondingly, void-cell walls are thicker; area D (higher magni- 
fication) provides a striking example of a plastically drawn void- 
cell wall circumscribed by brittle cleavage cracks. 

Figure 7 shows that the fraction of interfacial failure and 
void area continues to advance with temperature. Large void spaces 
are almost completely interconnected across the sample. At higher 
magnification, some strength across the interface is indicated at 
the place where the louvers between brittle cleavage cracks meet 
the exposed substrate. 

Interfacial failure predominates at the highest test temper- 
ature. The opposite sides of mating fracture surfaces are shown 
in Figure 8; it is quite simple and instructive to locate the 
matching features. There is very little plastic deformation, hence 
little strength. 

Brittle cleavage cracks without much louvering account for 
the failure that is not interfacial. The circled area of Side 1 
is shown at higher magnification in Figure 9, illustrating a few 
brittle cleavage crack louvers and also low forces across the 
polymer/metal interface. 
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FIGURE 6. Two magnifications of sample ;t 721D1 that gave 2065 psi shear strength 
at 225°C after aging for 30 days at 295°C. More interfacial failure 
and void area, and plastic deformations have thicker walls. 
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FIGURE 7. Two magnifications of sample #721D2 that gave 1465 psi shear strength 

at 250°C after aging for 30 days at 295°C. Even more interfacial failure 
and void area. 




I 

lO 

CaD 

I 

I 




FIGURE 8. Two magnifications of the opposite mating fracture surfaces of sample 
#721D4 that gave 760 psi shear strength at 270^0 after aging for 30 
days at 295^C. Extensive interfacial failure, and small amount of plas- 
tic deformation and cleavage cracks. 
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FIGIRE 9. High magnification view of area circled on Side 1, Figure 
ing apparent at junction of polyimide and titanium. Good 
of brittle cleavage cracks at left. 


8. No bond- 
illustration 



It appears that the polymer/metal interfacial forces are weakened 
by the high test temperatures, probably due to differential thermal 
expansion. Filling the adhesive with metal powder has been suggested 
to alleviate this kind of problem, and a later section reports 
some success with this approach. 

2. Anhydride, Amine and Solvent 

Several adhesive formulation parameters were varied in the 
800-series. Good shear strengths were obtained in spite of 
changes in comonomers and solvent, except for the use of p,p'-DABP, 
which gave 1400 psi. Figures 10-14 display the micro-mechanics 
of fracture for these samples. The shear strength results can be 
explained in terms of proportion of voids, interfacial and brittle 
failure, and plastic deformation. 

The use of dimethy Iformamide (DMF) as solvent for standard 
polyimide gives little interfacial failure, but a large propor- 
tion of connected void area compared to fracture area, shown in 
Figure 10. Apparently the 3700 psi strength is developed by the 
initiation and annihilation of a large number of brittle cleavage 
cracks illustrated by all the louvers in the higher magnification 
photomicrographs . 

Figure 11 shows a large proportion of drawn and fractured 
polymer in a high-strength sample prepared with anhydride comonomer, 
ODPA. At higher magnification, a balance between moderate plastic 
deformation and brittle fracture is apparent. 

Mating sections from both sides of the 1400 psi joint are 
shown in Figure 12. It is difficult to compare this sample with 
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FIGURE 10. Sample #848D2 : Standard BTDA/mm' -DABP polyimide in DMF solvent; shear 
strength 3700 psl. 
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FIGURE 11. Sample #878D3 : OPDA/mm' -DABP/DG; shear strength 4500 psi. 



FIGURE 12. Sample #880D2: BTDA/pp ' -DABP/DG; shear strength 1400 psi. 






the others because the magnifications are different. However, 
if the lower magnification photomicrograph is representative of 
the entire fracture surface, then the proportion of interfacial 
failure is large, again correlating with the low strength. There 
appears to be quite a bit of plastically deformed polymer surround- 
ing the area of interfacial failure, but no louvers occur, even 
where the "plug” of adhesive is fragmented by brittle cleavage 
cracks. 

A vexing problem in adhesive evaluation is the scatter of 

testing data. For example, NASA LaRC prepared an adhesive 
formulation using one mole of PMDA and two moles of BTDA with three 
moles of mm'— DABP in diglyme (DG), representing a compromise be- 
tween strength and durability. The average value of four lap shear 
strength samples was 3890 psi, but the range was from 2640 psi to 
5140 psi. Photomicrographs of the two extreme samples in Figure 
13 show more area of plastic deformation and brittle fracture 
(filigree at low magnification) in the higher strength sample. 

The balance of drawing and louvering that is clear at higher mag- 
nification indicates a large absorption of energy. 

The most facinating result was obtained using a totally 
imidized, film adhesive. EAH— 13 comonomer was used to provide enough 
flow at high temperature so that good interfacial contact occurs 
during pressing at 200 psi and 300°C for an hour. The photomicro- 
graphs in Figure 14 show that the polymer has formed a detailed 
replica of the titanium surface. Failure is totally interfacial 
on one side of the joint. It is amazing that 3500 psi shear strength 
can be obtained without contributions from plastic and brittle 
mechanisms. Perhaps elastic deformation occurred. Otherwise, the 
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FIGURE 13. 2BTDA+1 PMDA/mm' -DABP/DG, A. Sample #881D1: shear strength 2640 psi; 

B. Sample #881D4 : shear strength 5140 psi. Note correlation between 
amount of filigree and bond strength. 
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FIGURE 14. Sample #891D1 :BTDA/EAA-13/DMAc; shear strength 3500 psi. Note that 
virtually no void present; completely different appearance when no 
water of imidization released in the joint. 



true area over which polymer/metal polar and dispersion forces 
interact must be many times the geometrical joint area, due to 
the adherend roughness. 

Of prime importance is the absence of the typical void struc- 
tures so characteristic of joints prepared by imidization during 
bonding. Figure 14 makes it clear that not only does the water 
released during imidization create voids in the joint, but the 
voids are the weakest aspect of many of these joints. The 
scatter in joint strength values probably derives from the random 
way in which the void size and distribution is generated as the 
polymers cure. The need is clear to develop either new adhesive 
formulations or bonding techniques to avoid joints with so many 
inherent flaws. 


3. PI/HT-S Fiber Composite Adherends 
New types of fracture surfaces occur when composites are 
used as one or both adherends (Figures 15-18). Shear strengths 
fall within 10% of 3500 psi and failure occurs by a catastrophic, 
brittle mechanism, partly in the adhesive and partly in the surface 
region of the composite. 

Failure in the adhesive layer is initiated at inherent voids 
that are much smaller than the voids seen in Figures 5-14 where 
titanium adherends were used. Probably the composite matrix absorbs 
some of the water of imidization. These features are illustrated 
(Figure 15) in Sample 946D1 that had two composite adherends molded 
at 400 psi. Only a small wedge of one adherend surface was plucked 
out; failure was by a brittle mechamism in the myriad of small 
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void-cell walls in the adhesive. There was little plastic deforma- 
tion, but a great deal of* fine debris, as though the joint had 
exploded. 

When a pressure of 1000 psi was used to mold the composite 
adherends, more than 50% of the failure took place in the composite 
surface - with a small increase in strength (Figure 16). More 
detail of the fracture surface within the composite is shown in 
Figure 17 at higher magnification. Polymer fracture seems to have 
no plastic component, the brittle failure area is small and has 
no louvering. The forces across the fiber-polymer interface 
appear to be weak. 

The result of using composite as one adherend and titanium 
as the other are shown in Figure 18. Failure is almost entirely 
in the composite, but it is interesting to note that the voids are 
larger where failure is in the adhesive layer. Evidently the ti- 
tanium retarded the diffusion of the water of imidization. A 
titanium signal was obtained by EDAX examination of area A; there- 
fore the adhesive layer at the bottom of the void must be less 
than 1 ym thick. 

In all three examples in this section a considerable amount 
of work must have been required to create all the surface area 
of the fine debris. Also high surface temperatures must have been 
created because the debris would not be removed by vigorous brush- 
ing in the presence of ionizing radiation (to eliminate static elec- 
tricity). The particles apparently were "welded" to the fracture 
surface right after failure. 
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FIGURE 15. Two magnifications of opposite mating fracture surfaces from Sample 
rr946Dl; both adherends were HT-S/P13N composites molded at 400 psi. 
Shear strength was 3360 psi, and failure was mostly in the void-filled 
adhesive layer. 






FIGURE 16. Two magnifications of Sample #947D1; adherends were HT-S/P13N com- 
posites molded at 1000 psi. Shear strength was 3690 psi and failure 
was about 2/3 in the composite. 




FIGURE 17. High magnification view of composite failure in Sample #947D1. Polymer/ 
fiber interfacial failure is obvious. There is no plastic deformation 
and brittle fracture surface area is small. 
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FIGURE 18. Two magnifications of opposite mating fracture surfaces from Sample 
#948D1 ; one adherend was titanium and the other wasHT-S /P13N com- 
posite molded at 400 psi . Shear strength was 3750 psi and failure 
\ was mostly in the composite. 





4. Aluminum Filler and Bonding Pressure 


Progar and St.Clair found that the best balance of properties 
was obtained with the copolymer of 65/35 BTDA/PMDA+m,m' -DABP (6). 
Further improvement in high temperature strength was obtained by 
using alviminum powder as an adhesive filler and increasing bond 
pressure. These variables produce several changes in the appear- 
ance of fracture surfaces, as shown in Figures 19-24. 

The aluminum filler is apparent as lumps about 1-10 ym in 
diameter, covered with at least a thin layer of polyimide. Frac- 
ture-surface features are much smaller than with unfilled adhesive. 
At high magnification it appears that the fracture initiates in a 
myriad of minute voids (or nucleation sites) existing in the walls 
of the larger void areas. 

Figure 19 shows the increase in "lumpy" appearance caused 
by changing the filler content from 50% to 70% by weight. Also 
voids in the size range 10-50 ym seem to disappear. 

Figure 20 shows a survey (20X) and fine detail (2000X) of 
the sample with 50% A1 , bonded at 40 psi. At low magnification 
the balance of void and filigree areas is similar to many of the 
previous samples. The room temperature sample (#546D3) has good 
strength, and at high magnification the fracture surface is com- 
posed of very thin, plastically deformed microvoid-cell walls. 

This feature is unique to the filled adhesive. By contrast, the 
high temperature sample (^546D4, 1210 psi) appears melted and has 
no thin, drawn films. It looks as though the high temperature and 
stress softened the polymer and reduced its strength. No inter- 
facial failure occurred, in contrast to the results at 250°C with 
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FIGURE 19. High magnification view of Sample #546D4 and #54703, showing the 
effect of increasing filler content. 
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FIGURE 20. Two magnifications of sample #546D3 and #546D4, both with 50% Al, tested 
at 25° and 250°C, respectively. Shear strength dropped from 3775 psi 
to 1210 psi. "Melting" caused by high temperature and stress is visi- 
ble in the lower right. 






unfilled adhesive (see Figure 7). Perhaps the aluminum filler 
prevents interfacial failure at high temperature by adjusting 
relative thermal expansion. 

One effect of higher (70%) filler content is to increase 
the amount of fracture-surface area by expanding the filigree pat- 
tern into a more continuous area shown at low magnification in 
Figure 21. The detailed view of the high temperature sample shows 
thin, plastic deformation indicative of high strength, and little 
indication of melting. Apparently the increased filler content 
retards the softening of the polymer, too. 

Sample #547D3 was prepared at 40 psi with 70% filler and had 
only 3000 psi shear strength. Figure 22 indicates that the pro- 
bable cause of the relatively low strength was an unusually large 
void area. 

The new capability to obtain elemental analyses via the EDAX 
module was used extensively during the current grant period to help 
analyze the locus of failure. In several earlier examples, EDAX 
was always used to confirm cases that looked like interfacial fail- 
ure. In the study of A1 filler, EDAX was also provided information 
on the thickness of adhesive film remaining on the substrate after 
fracture. (The 25 kV electron beam should penetrate about 1 ym of 
organic polymer, a value comparable to the thickness predicted 
theoretically for 6, the thickness of the fracture zone.) 

EDAX results from two magnifications of the room temperature 
samples are shown in Figure 23. (A1 actually gave the largest 

peak in the original spectra, omitted here for clarity. ) In line A 
(50% A1 ) , all the adherend signal was found to be coming from small 
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FIGURE 21. Two magnifications of Sample "554D3 and #554D4, both with 70% Al, 

tested at 25° and 250°C, respectively. Shear strength dropped from 
3715 psi to 2335 psi. Higher filler content increases the fracture- 
surface area and prevents the 'hielting'' at high temperature. Fibers 
are artifacts. 






FIGURE 22. Sample #547D3, showing a relatively high ratio of void to 

fracture-surface area probably responsible for the relatively 
low 3000 psi shear strength. 



holes, seen in Figure 24 (Sample #546D3). No Ti signal could be 
obtained at the bottom of voids. The opposite was true at 70% A1 , 
line B. More Ti appears on the survey scan and it dominates the 
spectrum from void bottoms. Sample i^554D3 in Figure 24 shows the 
area from which the last EDAX spectrum was taken. Clearly there is 
a layer of polymer there, but it seems to be so thin that titanium 
surface features show through. EDAX examination of both high temper- 
ature samples (#546D4 and #554D4) failed to uncover a Ti signal at 
any magnification. Thus it can be concluded that the room temper- 
ature fracture occasionally penetrates nearer to the adherend than 
the high temperature fracture, which never comes closer than 1pm. 

The combination of SEM and EDAX provides most of the essential 
information on the locus and micromechanics of fracture. It is 
true that the SEM electron beam can penetrate several hundred Angs- 
trom units of adhesive and give an EDAX signal from underlying ad- 
herend. However the combination between the EDAX spectra and the SEM 
photomicrographs usually leaves little doubt about the details of 
fracture, as illustrated in Figures 23 and 24. Moreover, by varia- 
tion of the beam voltage and use of calibration samples of known 
thickness, it may be possible to make quantitative measurements of 
residual adhesive film thickness. A most important advantage of 
SEM/EDAX is the ability to focus the electron beam and analyze only 
very small, selected areas. 


5 . ESCA 

This technique has the advantage of being sensitive to only a 
few Angstrom units of material at the surface, and therefore comple— 
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A. EDAX at two magnifications on sample S^546D3. Some adherend 
shows through on the SOX ''survey'' on the left, and even more 
when the beam was focussed into the hole shown in Figure 24. 
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B. EDAX at two magnifications oh sample ;^554D3, More adherend 
shows through at SOX, and dominates the spectrum when the 
beam was focussed into the bottom of the void shown in 
Figure 24. 


FIGURE 23 
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FIGURE 34. 
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Two magnifications of sample #546D3 and #554D3, showing the areas 
from which the EDAX spectra of Figure 23 were collected. 
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merits the EDAX analysis. There are, however, two complications. 
Contamination from the laboratory atmosphere, sample handling, 
residual pump oil, etc. always gives an ESCA signal unless extra- 
ordinary precautions are taken, and these peaks are likely to arise 
at the same binding energies as the C, O and N of the adhesive. 
Secondly, the spectra are the average result obtained from the 
entire sample area of 0.1 x 0.5 cm, so if a small amount of inter- 
facial failure is not covered with contamination it still may not 
give a significant enough signal. 

Table II lists the binding energies of the fracture surfaces 
that were studied by ESCA, Charge correction was done by standard- . 
izing the' carbon Is electron at 284.0 eV and adjusting the other 
binding energies accordingly. The selection of samples includes 
the whole range of bond strengths, adhesive variables, and fracture 
micromechanics. Apparently none of these changes has any effect 
upon the basic chemical bonding of the polymer atoms— because the 
binding energy values are remarkably consistent. Judging from the 
SEM results, interfacial failure occurred in Samples #720D2 , 731D1, 
■731D2 and 891D4, but the titanium substrate gives an ESCA signal in 
only one case. The problems mentioned above may be the reason for 
this. Special microscopic* examination and selection of samples 
for ESCA study, in combination with situ ion etching to remove 
contamination, may help to clarify some of these anomalies. 
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TABLE II 



ESCA Binding 

Energies (ev) of 

Fracture Surfaces 


ft 

Ti 

■ N 

0 

C 

720D2 

X 

399. 

530.9 


720D4 

X 

399. 

531.1 

(284) 

720D4 

X 

399.1 

531.1 

(284) 

731D1 

X 

399.5 

531.2 

(284) 

731D2 

•458.2 

399.1 

5>31. 

(284) 

878D3 

X 

399.6 

531.2 

(284) 

880D3 

X 

399.5 

■ 531. 

(284) 

881D3 

X 

399.6 

531.1 

(284) 

891D4 

X 

399.5 

531.2 

(284) 



TABLE III 


Eracture Surface Summary 


Sample 

Identification 

Solvent Effect 
(BTDA+ram' -DABP ) 

1. DG #219D2 


I 

2, DG #517D1 
to 

f 

3. DMAC #220D3 


4. DMF #848D2' 


Anhydride Effect 
Cm,m'-DABP/DG) 

5.- BTDA 


Lap Shear 
Strength(psi) 


Surface Analysis 


SEM Location* 


Comments 


5280 

1-25,27,28,30 

3-6,9 

3860 

2-2, 3; 3-10, 11 

2510 . 

l-26,29;3-7,8 

3860 

10 


‘^/50/50 filigree and 
void, almost no inter- 
facial failure; thin 
plastic deformation, 
brittle fracture with 
louvers 

Similar to line 1. at 
lOOX and 500X. 

Large void area and inter- 
facial failure, no filigree; 
little deformation or brit- 
tle fracture surface. 

<\;20/70/10 filigree/void/ 
interfacial; little deform- 
ation but high area of 
brittle fracture with 
louvers 


see line 1. 


* Reference No, -Figure No. , except no Reference No. when the figure is in this report 



TABLE III (contd. ) 


S arap le 

Identification 


6. ' PMDA #515D1 


7. BTDA+PMDA #881D1 & 
j^^881D4 


8. ODPA #878D3 


Amine Effect 
(BTDA/DG) 

9. m,m’-DABP 

10. m,p'-DABP #516D4 

11. p,p'-DABP #880D2 


Lap Shear 
Strength(psi) 


Surface Analysis 


SEM Location* 


Comments 


0 


2-7 , 8; 3-15 , 16 60/40 interfacial and 

void; small brittle 
fracture area 


2640 13 

5140 


3250 11 


Little interfacial fail- 
ure, strength proportional 
to filigree/void ratio; 
deformation & fracture 
like line 1. 

High % filigree; short, 
■thin deformation and 
brittle louvers 


see line 1 

2070 2-4, 5, 6; 3-12, 

13,14 

2310 ' 12 


50/50 void and inter- 
facial; some hackled 
brittle fracture 

Equal void, interfacial 
and filigree, thin deform- 
ation and some flat brit- 
tle fracture 


* Reference No.-Eigure No., except no Reference No. when the figure is in this report. 



TABLE III (contd. ) 


Sample Lap Shear Surf ace _ Analysis 

Identification Strength(psi) SEM Location* Comments 


Temperature Effects 
(BDTA+m,m' -DABP) 



Aging 

Testing °C 





12. 

232 

25 

#539D2 

3700 

2-9,10,11 

Similar to line 1 

13. 

250 

25 

#539D3 

3220 

2-12 

Similar to line 1 

14. 

300 

25 

#539D4 

720 

2-13,14,15 

Large interfacial and 


void area; thick -wall 
deformation, brittle 
fracture with louvers 



15. 

295 

25 

#731D1 

4320 

5 

Similar to line 1 

I 

cn 

H 

] 

16. 

295 

250 

#721D1 

2060 

6 

More interfacial and 
void area; thicker 
wall deformation, brit 
tie fracture with lou- 
vers 


17. 

295 

250 

#721D2 

1460 

7 

Similar to line 17, 
except more void and 
interfacial area 


18. 

295 

. 270 

#721D4 

850 

8,9 

'\/60/30/10 interfacial/ 


void/filigree; small 
plastic deformation and 
brittle fracture surface 
area 


* Reference No. -Figure No. , except no Reference No. when the figure is in this report. 



TABLE III (contd.) 


Surface Analysis 


I 

Cn 

to 

I 


Sample 

Identification 


Adherend Effect 
(BTDA:PMDA+m,m'-DABP/DG) 

19. Ti/Ti 

20. Ti/Comp. #948D1 

(400psi) 


21. Comp. /Comp. #946DX 
(400 psi) 


22. Ti/Comp, #947D1 
(lOOOpsi) 


Lap Shear 

Strength(psi) SEM Location* Comments 


See line 7 
3750 18 


3360 15 


3690 16 


Failure mostly in com- 
posite surface; Smaller 
voids than in line 19; 
Catastrophic brittle • 
failure with much small 
debris 

Failure mostly in the 
tiny void cell walls in 
the adhesive layer; de- 
bris as in line 20. 

Similar to line 20, ex- 
cept failure 2/3 in com- 
posite 


A1 Powder Effect 

(BTDA : PMDA+m , m ' -DABP /DG ) 

Bond. 

% A I psi Test °C 

23. 50 40 25- #546D3 ■ 3780 20,24 


''^60/40 void and filigree; 
much finer features at 
hi mag. -micro voids in walls; 
thin plastic deformation 
area large; lumps of A1 
seem covered with polymer, 
EDAX:Ti 


* Reference No. -Figure No. , except no Reference No. when the figure is in this report. 



TABLE III (contd.) 


Surface Analysis 


Sample Lap Shear 

Identification Strength(psi) SEM Location* Comments 



Bond. 
% A1 psi 

Test 





24. 

50 

40 

250 

#546D4 

1210 

19,20 

Similar to line 23 at 
20X, but melting rather 
than drawing EDAX:No Ti 

25. 

70 

40 

25 

#547D3 

3000 

19,22 

Large void area 

26. 

70 

100 

25 

#554D3 

3720 

21,24 

Fracture area continuous 
instead of filigree, low 
void and no interfacial 
area; detail similar to 
line 23. EDAX:Ti 

27. 

70 

100 

250 

i^554D4 

2340 

21 

Similar to line 26, except 
EDAX:no Ti 

Iraidized 

Tlow Bonding 





28. 

BTDA+EAH-13 

#S91D1 


3500 

14 

100% interfacial; no voids 


deformation, or brittle 
failure 



6. Comparison With Previous Studies 


The preceding five sections have presented numerous examples 
of the failure mechanisms discussed in the Introduction. The 
effects of several variables, such as solvent and polymer struc- 
ture were discussed, but a wider range of these variables is en- 
compassed in Eeferences (1) and (2). All the results to date can 
be interpreted in terms of the theory described in the Introduc- 
tion; Table III summarizes the basic findings. The data are 
grouped by the effects of the parameters: solvent, anhy- 

dride, amine, temperature, adherend, A1 powder adhesive filler, 
and imidized flow bonding. 

Voids in the joints as made result from trapping of the water 
of imidization. This appears to be the major- limitation on the 
strength of most join-ts studied. Variation in the strength of 
samples with identical parameters seems to be related to variable 
void distributions. Voids not only limit the area of polymer 
drawing and fracture, but also serve as nucleation sites for 
cracks. The effects of temperature, adherend and A1 powder were 
described qualitatively in Sections 1., 3, and 4.; quantitative 
analysis of the photomicrographs is necessary to determine the 
relative amounts of the different failure mechanisms. 

Different effects of solvent, anhydride and amine have been 
reported during each of the three years of study, as indicated in 
Table III. The solvent probably changes the nature of polymer- 
chain entanglement; DG and DMF allow good contact with the ad- 
herend, but DG results in plastic deformation while DMP results 
in high-area, brittle fracture; DMAC appears to give poor adherend 
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contact and little deformation or brittle fracture surface. Changes 
in the anhydride produce small effects (probable sample preparation 
errors in #51501). Introducing para-structures in the amine de- 
creases plastic deformation. Interfacial failure and low-area 
brittle failure increase. 

B. SUBSTRATE SURFACES 

Previous reports have described the characterization of ti- 
tanium adherends as received and after various cleaning steps (1-3). 
During the current grant period we have used SEM and ESCA to char- 
acterize Ti and A1 adherends after some different cleaning steps. 
Also we conducted some preliminary experiments on the acid/base 
nature of adherends.’ 


1. SEM, and ESCA 

Figure 25 shows a high magnification view of the Ti 6-4 sur- 
face after the phosphate- fluoride and Turco cleaning processes. 

The phosphate-fluoride etch gives a similar SEM photomicrograph 
as reported for the Pasa-Jell process (3). However, the white 
g-phase particles are not as apparent in the panel cleaned by 
the Turco process. 

An aluminum panel was cleaned in a sequence of steps; Alkaline 
rinse, wipe, acid rinse. High magnification photomicrographs after- 
each step are shown in Figure 26. After the alkaline step, the 
surface appears like a structureless gel containing small white 
particles. Presumably these are various amorphous and crystalline 
forms of hydrous aluminum oxide-hydroxide gel. The wiping step 
removes the surface layer, leaving a solid surface covered with 
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FIGURE 25. Titanium panels after two different cleaning processes: A. phosphate- 
fluoride. B. Turco. 





I 


FIGURE 26. 


Aluminum panels after fine sanding and sequential cleaning steps: 
A. alkaline clean. B. wipe. C. acid clean. 



regular, sharply-defined pock-marks. The acid rinse appears to 
etch the whole surface lightly, rounding the edges of the depres- 
sions . 

Table IV lists the ESCA binding energies observed for the 
five samples just discussed, as well as for Ti 6-4 after each 
step of the Pasa-Jell process. The binding energies of the Ti 
6-4 surfaces after different cleaning processes were referenced 
to the Ti 3p electron at 457.7 ev except for the phosphate-fluor- 
ide etch where the N Is electron at 399.2 ev was used. N is 
observed on Ti 6-4 surfaces with a very constant binding energy 
(399.0 + 0.2). Cr(2p) was only observed after the fourth step 
of the Pasa-Jell process. P(ls) is observed on all Ti 6-4 sur- 
faces again with a remarkably constant binding energy (687.4 + 

0.4). The appearance of one or two F peaks of varying intensity 
suggests bonding of P in two different surface states. P(2p) was 
observed after the phosphate-fluoride etch and after steps 3 and 4 
of the Pasa-Jell process, with an average binding energy of 132.6 + 
0.1 ev. It is surprising that P would be present on the surface 
after steps 3 and 4 of the Pasa-Jell process. The doublet at 
142.4 and 137.6 ev after steps 1 and 2 of the Pasa-Jell process are 
assigned to Pb (4f) electron. The presence of Pb is unexpected al- 
though the peaks match those reported for PbO previously (3). Si 
was noted in only one sample after step 2 of the Pasa-Jell process. 
The doublet at 102.7 + 0.2 and 98.7 + 0.3 after the phosphate- 
fluoride etch, steps 2, 3 and 4 of the Pasa-Jell process are 
assigned to Hg(4f). The presence of Hg is not surprising here since 
ESCA has the demonstrated capability to detect small quantities of 
Hg picked up from the lab environment- 
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TABLE IV 


ESCA Binding Energies (ev) of Adherend Surfaces 


Adherend 

Ti 

N 

0 


Cr 

F 

P 

Si 


Hi 

Ti: P-E etch 

458.7 

(399.2) 



X 

687. 

683.7 

132.5 

102.5 

98.6 



Ti : Turco 

(457.7) 

399.2 



X 

687.8 
684. 1 

X 

X 



Tl: P-J 











Step 1 

C457.7) 

399.2 


142.4 

137.7 

X 

687, 3 
684.0 


X 

X 



Step 2 

(457.7) 

398.7 


142.4 

137.6 

X 

687.4 


101.4 


98.4 

Step 3 

(457. 7) 

398,9 



X 

687.4 ■ 
683.7 

132.5 



103. 

99. 

Step 4 

(457.7) 

399. 



576.6 

687.1 

684.0 

132.7 



102.8 

Al-I 



(531.1) 






73.7 


-II 



(531.1) 






73.4 
• 71.0 



. -Ill 


(531.1) 


73,9 



A relatively thick (>25A) oxide layer is leit on the aluminum 
surface after alkaline cleaning. However, wiping the surface 
results in a thin (<25A)- oxide layer since A1 in both the oxide 
and elemental state is observed in the ESCA spectra. The values 
for the two bonding states of Al(2p) agree well with the values 
reported by Barrie (14). 

The presence of trace elements in the adherend surface may 
be partially responsible for the deleterious .aging affects of 
adhesive joints via catalytic decomposition of the adhesive. 

2. SRIRS 

A study of the acid/base character of adherend surfaces was 
begun using SRIRS. Here, adherend samples are equilibrated with 
dilute solutions of lauric acid and undecyl amine in cyclohexane. 
The adherend samples are analyzed by SRIRS before and after equi- 
libration with the solutions and after successive rinses with 
cyclohenane. The results are summarized in Table V. The fact that 
most of the adherend surfaces are acidic is reasonable since all 
the adherend surfaces consists of oxide layers. Subsequent hydrol- 
ysis of the oxide layer, would lead to Bronsted acid surfaces sites. 
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TABLE V 


Adherend 

A1 

Cu 

Ee 

Ni 

Pb 

Ti 6-4 

Sn 

Zn 


Acid/Base Character of Metal 

Aci die Basic 

X 

X 

X 

X 

X 

X 

X 
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IV. CONCLUSIONS 


1. The unified theory of adhesive bonding indicates 
that the factors involved in joint strength are (a) voids or 
other inherent flaws initially present, (b) viscoelastic and 
plastic response of the materials, (c) brittle crazing and 
cracking and (d) interfacial failure. 

2. The techniques available at VPI and SU, especially 
SEM/EDAX and ESCA are very useful to evaluate the extent of 

the different mechanisms by surface analysis of fractured joints 

3. The effects on the micro-mechanics of adhesive failure 
were determined when changes were made in amine, anhydride, 
solvent, adherend, A1 powder adhesive filler, aging and testing 
temperature. The effects were interpreted in terms of the pro- 
portion of mechanisms l.(a)-(d) operating. 

4. Voids of trapped water of imidization appear to be the 
major factor to limit joint strength and reproducability of 
results . 

5. Appreciable amounts of void or interfacial failure 
area correlates with low strength, except in the case of imidize 
flow bonding. 

6. Addition of A1 filler makes fracture features an order 
of magnitude smaller, eliminates interfacial failure at high 
temperature. At 70% loading it seems to decrease ductility. 

7. Future studies should include : 

a. Continued characterization of new NASA-LaRC fracture 
surfaces (especially composites) by the methods outlined above. 
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b. Quantitative analysis of photomicrographs.- 

c. Bulk viscoelastic and fracture properties of the 
polymeric adhesives. 

d. Surface properties of cast polymer films. 

e. Reduce the data for quantitative comparison- with the 
theory. 
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VI . APPENDIX 


The Use of Scanning Electron Microscopy, Electron Spectroscopy 
for Chemical Analysis (ESCA) and Specular Reflectance Infrared 
Spectroscopy in the Analysis of Fracture Surfaces in Several 
Polyimide/Titanium 6-4 Systems. 

Thurman A. Bush, Mary Ellen Counts and J. P. ^Vightman 
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TEB USB ELECXKok ISC RO S CO^ / SISCi:^^ SPSCTROSCOPr POR 

CHE>£CAL ANALYSIS (BSCA) A^ID SPECUilui SBSLF.CTMCE IN?IL\B5I) SPEC-- ’ 

TSOSCGPY m IBS. ANALYSIS OP PRACTUBE SUSFAXES I>t SEVERAL 

POLYXiSDE/TITAATIU^i 6-4 SYSTEMS . . ' ' ‘ 

; Thurtasn A. -Btosol, 'M ary ElleiL'..Couiits P* Wi^tisaix- 


- Virginia Polyrachiilc Insrltute.and Stata University __ 
'Cheiaxstry paparrnianc, Blacksburg^ Virginia 2406L 


‘Scanning electron mcroscopy, eieccroa spectroscopy for. 
dismlcaX' analysis (ESC A) and spacular reflectaacs infra- 
red spectroscopy were employed no cliaractarize titanlim 
aJLlay (Ti-oAl-4V) surfaces before and after bonding xfltih. 
polyiiaide resins. Wacer contact angles on the titanlusi 
alloy surface were shown to correlate with surface con— 
taninatlon. Dlglyoie and D>iAC ccatacc angles correlated 
with fracture strength of the coirpleted adhesive joints 
forced by che condensation poijrarization of benzo— 
phenone tetracarboxylic acid dl anhydride (BTDA) and 
dlaniinobenzophenon.e (o^n* DABP) * Qc tan a /water 
in ter facial contact angles were used to show the pre- 
sence of polar forces at the aches ive/adher end inter- 
face • Variations in adhesive strength ware noted for 
condensation poly iters for tied in diglyrte solutions of 
(1) BTDA and.,i,n* DABP, (ii) BTDA and n,p* DAB? and 
(iii) DABP and pyro sal litre dlanhydride (PHDA) . 

Scanning electron microscopy was used to observe the 
titaniim alloy surfaces after various pre trsatxaents 
and the surfaces of fractured joints* ESCA spectra 
were obtained for the cleaned alloy- surface and for 
fracture surfaces. The Intensity of the titanium peak 
in the ESCA spectra was related to the presence of • - - 
thin polyimide films* Specular reflectance infrared 
spectroscopy was also used in the analysis of the 
fracture surfaces. 
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A xninbeir' of organdc. pod3?^e3: *rasxn3 vTodcli 'were --discovered 4r> 
.the 1960 ^.s have sIioto pronisa as caxididaties Icr foratulatioc as 
• taensaliy s-tetjle adhasives -(1) However, the adaptation of snch 
DLOval polyni'^’s as ^^a^tic^’^adheslv^ feas -%eeaa- hankered ay a lack 
of sufficletit: expeflidental and theoretical criteria for evalnar- 


iag resins, aad predicting. thelr„suitability for- .adhesive par- 


. The processes for* forolng adhesive bonds -hetrreeit- laaterrLais* . 
have 'been-* develap^ad e.Tp Ir^Lc ally ^ Current theories p£ adhesion 
rersaitr’ CQTi trover sial QZ-A') ^ , tOie^^develophentrof^a .general-, theory 
*of adhesion , has ‘baan'^deuer-redliiL-p-artidua,lto-the- e:sparinerU:ai , . 
inaccessibility^ of^int^faclaL j^taraction^^bet:^^ . . 

the ' difficulty lir es tabXxs?fer.ng * to^hat:&e^-ofvfhelhhtjerxace-X^^ ' 


pie . objective' of. thls-.i^or3o sras-the -utiiizaticu of soirje w- - 
recently deve-Uxiied:' te^mnic ces - -that b^ of Tzalue- xn the char* 


acterizatxon - of ' tb,a ^ adhesive process- be-tye^ a ' tlpaolcsthl 1 oy , ' 
and. a variety 'of "polyiiaxda tesin . _sys tet!i3 , - Xhe* techmiduas 
lized' ware electron, spectthscopy for chenlcal analysis- XtiSCA) ^ 
spaciilar reflectance llafrarad spectroscopy, * and scanning elec-' 
trorx laicroscQpy. Conract angles of various liquids on ,the ' 
tltanlun alloy -x^ere also- measured. Specifically , ; the question 
arises cto what .extent are any of these techniques of value in 
the characrerization of the Interface and in the - determination of 
Interactions for the ticanim 6^4/polyin2ide resin systems. ^ Ewigbn 
and Riggs (5) successfully used ESGA, soft X-ray spectroscopy, 
contact angle -hysteresis and eleccron microscopy to examine 
fluoropolymer surfaces* 


XI. EaPERIms::^tal 


A. Saiiples 

Panels of Ti“-6--4 alloy adherend were obtained from the NASA- 
Langley Research Center. Tee panels were, either used in the as- 
received condition' or cleaned by the Pasa-Jell 107 xnethod, a 
conrrarcial process (American CyananrLd ) for cleaning titanlun 
alloy surfaces. ^ The primary steps in this cleaning process are> ^ 
briefly: sample' immersion in degreasing 1,2-dichloroerhane; 

immersion in an alkaline cleaner, SP^X AH 9 solution; pickling 
in an ^TOg/EF solution; and treatment wl.th Pasa-Jell.*107 (a chro- 
mate based acid paste). 


-T*wO’ sets of fractured lap-joint samples were obtained from th^ 



^"ASA-Laaglay Resaarca Ceatar, , The caaraccerl5.txcs af the sanipies 
xa dhe t^v^o sets are giver. In Table The firsts set, of samples 
'Ware lap-Jolnfcs of Basa-Jell cleaned < Tx- 6--^ panels bonded with one 
polyitHida resin adhesive. The resin adhesive was prepared from 
banzophenoue tatracarboxyllc acid dianhydride (3TDA) and — 
diardnobenzophenoae (si^a^DABP)'. The stxncteras or these cosipcnads 
are given in Table IX. Tne incur ed, adhesive wras applied on the 
adheread in. the polyamic acid stage from either dlglyxie or DlilC - 
solution and then heat cured -to the polyinlde resin- fom» This 
condensacxon* polymerizatioii reaction -is- shown below. “ 



The second set of sanples were lap-joints of Pas a- Jell cleaned 
Ti-6-d panels bop.ded with various polyxEiide resin adhesives. The 
resin adhesives were prepared from 3TDA or pyrocBllitic dianhydride 
(PM)A) and ' m, m ^ DAP3 or m, p dianiinobenzoprieaoae p ^ I)A3T) . The . 

structures of (PiyiDA) and (m^p^DAB?) are also given in Table II. 

The uncured adhesive was applied on the adherend in the poiyaiilc 
acid stage from the solvent diglyxe and then heat-cured to the 
poly ini da resin form. Tensile lap shear sandwich specimens were 
prepared by bonding 13 x 2.5 x 0;i cm Tx-6-4 coupons with a 1-3 cm 
overlap. Typically^ the coated coupons were air dried for 30 nzin ' 
ac room temperature and then for 30 ndn ac &0^C. five successive ■ 
coats ware applied. The panels vyera overlapped at room tempera- 
ture, placed under a constant, pressure or 50 psi, and heated to 
SOO^'C at a rate of 5""C min'"-. The specimen was held at 300°C for 
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TABLE I 


EKACTURE SAMPLE 


Set 

; Code’ 

Adhesive S cample 

Solvciat 

I 

219D2 ' 

|. .i; 

BTUA + 

w, m'DABP 

dlglyme 


220D3 '. . 

< t 

BTDA + 

iiijUj’DABV 

DMC 


1 " , 

* 1 , ' , 

3.1U2-517D (1,2, 3,^1) 

BTDA ”1' 

in,m'DABP 

diglymc 


'* Imp2-!316D(I,2,3U) 

v^* ‘ ‘ 

- BTDA + 

m,p'DABP . 

dlglyme 

I* 

;-’.2ni2-5i5D(1.2,'3,4) 

PMDA + 

m,m'DABP 

■ dlglyme 




■ Average '• , 

• » ’ '< i' ’ 1 ' 

Strengiih(psi) . ' 

- i'; 

skoi;:['i,v, 

I ’ « h ' t' ' 

• i ■ ! : ' 

, , 1 : j 

2510 i’ ;j i •, 

, I” ' c 

1 e 1 < 

j . 

3860 \ [■ ] \ 

i ' J 1 f 3 . 

' ! 2^10-250 

\ 1 

‘ * 1 , 1 1 1 ‘ • 

2073 : •: /; !. 

“* ' ' . i • 

' ; 26d~270 


•! 325-330 








50 tdSsl. -.Tha ISip-shear strength of eaca sasrpla lit botti sets ^w-as* 
deuarruined at room temperature oa a teasile taster (CaX-^aster* 

>rodeL IE-5) • 

B. ScanalxLg. Electroa Microscopy *’ 

. Representative samples .were cut , frost both, sets o£,the free-* ^ 
tured- lap-- joints specimens^-" ^The, samples ware gold-coated and* ^ 
photordLcro graphs at various, magnifications 4 .were ob tai'ned.orL an'AKR 
scanning electron microscope „ (Advanced >ietalsJResearch, Corporation: 
Modal 900)*.*. Each sample surface was scann ed . totally - to insure that 
the photographs ware representative.,^^ 

i*iva^ sarnies -were ..cut- from a-bare-.Ti- 6 '- 4 vpartel.f:~One-..sample 3 — ' 
which served as a cotitroly received no -pretreatiiient and was- placed ' 
into a vialA.Mhe Rasa-Jell* cleaning process-was -applied*.. to the— four, 
remaining samples .r A sample after each step of the cleaniag. process 
was blown dry in a nitrogen stream and placed* into a/ vial. -Exposure 
time of the freshly cleaned material to the lab- atiapsphere was kept 
to a miniiaum* ‘ These five samples, were exaroned in. the -scanning -r 
electron 33 iicrascape> ' 

C. Contact Angies 

1> Materials, . " Distilled water was obtained from a Bams read ' 
natal still. Mercury was obtained from the Glass Shop at the 
Virginia Polytechnic Institute and State University, Aldrich (99%) * 
bis(2— methoxy ethyl) ether and octane w“ere usad^ Dimethylacetamide ' 
(D^IAC) was obtained from Burdick & Jackson (technical grade) and was 
distilled from calcium hydride. The degreaser used was l;,2-dichloro- 
ethane obtained from Fisher (AGS Certified) . Metal coupons of the 
Ti-6-4 alloy (2*5 x 12 cm), and solutions of Pasa-Jell 107, EMO 3 /EF, 
and 5PREX AM 9 were furnished by the MASA.-Langley Research. Center, 

The polyamic acid (BTDA -h m^m^DABP) was supplied by the* MASA- 
Langley Research Center as a 20% solution of the polyiaer dissolved * 
in. diglyme [bis(2-methcxy ethyl) ether] - * The solution was refrig- ‘ - 
erated to minimize degradation of the polyiiisr- - 

2, Auparatus and Procedure - Contact angles of water, mercury, 
octane, DMAC, diglyme, and polymer resin were measured on prepared . 
surfaces of Tl-5-4 sanmles with a Gartenar Scientific microscope 
gonioizeter, .Contact angle masurenents were made on alloy surfaces 
cleaned by the Pasa-^Jell method, and on the material as--recei^^d 
except for degreasing in 1 , 2 — dichloroethane, - Each liquid was intro- 
duced as drops delivered from a syringe inserted through the septum 
of a custom optical celX^ Saturation of the vapor phase within the 
cell* was insured by placing a small container of water within the 



cell or, in the case of other liquids, placing several drops -ever 
the surface in addltioii to the oae being measured. Equilibrium 
angles vera recorded when the last tr^o cieasuremecits separated oy at 
least fifteen minutes agreed to within ± . Octane/vater and 

varar/octana iarar facial concact angles aga.inst the Ti-6~4 surface 
were measured, in a c’ustca optical cull. The tenperature for all 
cccract angle r^asur-ei -nrs vas 25 ± Z^C. 


D. Specular Kef leccance Infrared Spectroscopy 

A Unicam attachment was used v±zh a Beckman IR-20A infrared 
spectrophotometer in the specular reflect^ce studies^ The sve::rro- 
photoireter was operated'ia both the single and double beaut, modes. 

IR reflectance spectra were obtained for Lae fractured sarrples cr 
Set II. The samples were placed in the reilectance at tachn^at so 
that, the lapped portion of the panels co\n3rad the entire sample 
window. This method, allowed spectra of the samples to be cbcai.red 
in siru . Comparisons of intensities of ixrdividuai peaks in the 
different sample spectra proved to be unsatis factory in evaluating 
the amount of adhesive present on a panel. For this reason, 
reilactivity as neasurad by percent transmLvSsioa iu a non-absorbing 
region (2600 was considered as a possible charactericaticn of 

the fracture surface. The percent transinisslon in this region vas 
measured for each sample and also for a polished Ti-&-4 .suriaca 
and a ?asa-Jall cleaned Ti-6-4 surface. 


E. Electron Spectroscopy for Chemical Analysis (ESCA) 




The ESCA studies of the fractured samples from Sets I and II 
were dona with an ^\£I ES 100 phocoelectron spectrometer using Al 
Ka radiation (14oo.6 ev.)» Data acquisition was accomplished using 
a HI BS 100 Data System and a Digital ?DP-S/e computer. Specific 
spectrometer conditions are noted on the spectra which follow. 

The cut samples were secured to the ESCA probe with double-sided 
tene. ESCA snectra also were obtained for Ti-6-4 samples in tna 
as-received condition and cleaned by the Pasa— Jell method, and 
coated with the polymer resin. Two polymer coated samples were 
nrenared by placing a 0.01 nl of 14% and 25% dilutions in 
digl^/me of the stock resin solution of 3TDA and ni,m^DABP on 
cleaned Ti-5-4 panels. Each drop spread spontaneously over the 
entire sample surface. The samples were dried at room temperature 
for at least 24 hours prior to the ESCA and contact angle runs. 

: s-:i - gj ‘-eEmr - v • ■ 
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RESULTS AND DISCUSSION 


A. S canning KleQ cron Microscopy (SEM) 


1 . Adherend Surfaces , The most striking feature in the 
scanning electron phototricrographs of the untreated metal surface 
is the ainouat of debris (large white; particles) typically observed 
as shown in Figure 1. At 100 x the surface is noticeably fine 



Fig. 1. PhotoQiicrQgraph of Untreated Ti-6-4 Saniple (100 X) 


grained, whereas at the higher ziagnification (xlOOO) shown in 
Figure 2 the Eaicroscopic roughness readily becomes apparent. In 
addition, many smaller white presumably crystalline particles are 
contained in and projecting from a matrix of greyish material. 

A photomicrograph (XlOOO) of the degreased sample in Figure 3 
has the same surface features as the untreated sample except that 
the amount of debris is significantly reduced. The photomicrograph 
(XlOOO) in Figure 4 shows that the alkaline step of the cleaning 








Fig. 3. Photomicrograph of Degreased Sample (1000 
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Fig, 5, Photoniicrograph of Acid Cleaned Ti-5-4 (lOOOX) 


natierial spread on the surface. Steps S 2 
phase becoae important features as etchi: 
along planes of the cry's cal faces orient: 
produces the steps and ridges as seen in 
results for Ti-6-4 have been reported by 


d ridges of the alpha 
.g cakes place. Etching 
d db lic^ue to the surface 
Figure 5. Similar SZM 
Fanil ten (8) . 


Comparison of photomicrographs of thmree separata cleaned 
Ti-o-4 samples over a 12 month period shervs the same details, thus 
indicating the reproducibility of the cleaning process in producln 
the surface effects noted. 

2. Fracture Surfaces - Set 1 . Phocctaicrographs of the frac- 
tured samples from Sets I and II are shovn in Figures 6 to 15. 
Digl 3 rme was used as a solvent in Sample 21992 whereas DMAC w'as 
used as a solvent in Sample 220D3 in Set Z. The photomicrographs 
of Sample 219D2 in Figure 6 and of Sample 220D3 in Figure 7 indi- 
cate dramatically the difference in the extent of surface coverage 
of the adhesive in these two systems. Sample 219D2 (diglyme) 
e:ciibits an almost complete coverage of the metal surface by the 
adhesive with only small patches of metal exposed indicative of 
cohesive failure. On the ocher hand, the surface of sample 220D3 
(DMAC) has large areas of metal exposed as seen in Figure 7 indica 
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Fig. 7. Photomicrograph of Fracture Sample 220D3 (100 X) 




Fig. 6. Photomicrograph of Fracture Sample 219D2 (100 X) 


pi; 



tlve of adhesive failure. The adhesive apparently did not vet the 
substrate la this system. Additional evidence for non-wettinj of 
the substrata by the adhesive in the DMAC system compared to the 
diglyme system is seen on cotiparison of the photomicrographs in 
figures 8 and 9- The adhesive/substrate interface in Figure o 



Fig. 8. Photomicrograpn of Fracture Sample 220D3 (1000 X) 


characterized by a sharp break vhereas the sanie interface in Figure 
9 is continuous. The better bonding in Figure 9 is ob^/ious. The 
substrate surface of Sample 200D3 (Figure 8) appears to contain 
particles identified previously as the beta phase of the alloy 
whereas Sample 219D2 (Figure 9) shows less of this particular fea- 
ture. Since the adhesive of Sample 219D2 has wet the surface, 
perhaps >he fewer number of these particles observed is additional 
evid^ce for the presence of a filn of adhesive on the surface. 

Tne scanning electron microscope results described above 
correlate well with the breaking stress data of Table I. That is, 
the fracture strength of Samples 219D2 and 22003 decreases as the 
extent of wetting or surface coverage decreases as seen in Figures 
6 and 7 . 
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Fig. 11. : Phocomicro graph of Fracture Saaola 132-517D1 





lat sainpias in c-eries aad en i;: t:.rziadf.:i?:a avera-e 

Itip— shear streiigtn or ZO/3 psi (Table X) A 2ux phcccrilcrograph. 
Figure 12, of Che sairpla i_:p2-5i6Di illuscraces a ijcruccure vary 
diffar_r;t: from, thac cbservea for the in2-5i7 varies of fraccor • sa.->- 
pieo. The dissliiii r rlcy of tbci 1 q 2-517 sad che lnp2-51o saaplas is 
more aoparenc in ragure X3 (500X) vnirih is a photouaicrograDh. of cue 
of Cne j-rynocr raginr<.s -.l in Fitcur?* 12 • Vheraas in Che xn2— fl7 
sairpie the adhesive appejted srjooth, the adhesive in triis phocc-* 
micrograph appears porous and brittle-like. A closer eiraadnarion 
of a darker region noted ia Figure 12 is seen in Figure 14 (lOOOX) . 
This region, appears snooth vith no evidrrice-cf r<:tal s^ibst 'a'a. 

The itQ3ortant reacura to- i. ole iji figures 3-2— j. 4 ‘i^; a.gaia. thcr lack, of 
the metal substrate structure. - 
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Fig. 12. PtLOtouiicrograpa of Fracture Saople Iap2-516D1 (20 X) 


A 20X photomicrograph of sample 2m2-515Dl, which is repre- 
sentative of the sairoles of zero strength, is seen in Figure 15. 
This saaq)le has a jig-saw puzzle appearance in that the. adhesive 
is cracked and broken. This feature is more clearly seen in 
Figure 16 (500X) . The metal substrate structure is apparent and 
there appears__to be little wetting between the adhesive and the 
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Fig, 13. Photomicrograph of Fracture Sample lmp2“516Dl (500 X) 



Fig. 14. Photomicrograph of Fracture Saripia lz:p2-516Di (1000 X) 
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Tae SEM rasiilt.3 suggest cohesive failure in the ln2~517 and 
Irrp2-5l5 series because of the absence of cecal substrate scrucrure 
The lever lap-shear strength of the icp2~515 series -coepared to the 
lzi2-517 series is attributed to a difference in the cohesive 
strength of the tvo polyinide resins • An adhesive failure mode is 
suggested for. the 2m2-5 15 series of fracture samples from the — — 


aoaearance of r^tal substrate. 



1> Contact Angles for Various Liquids Vith Ti-6-4 . The 


advancing contact angles, are given in Table III for. -various "liquids 
with the titaniim aI3.oy>.^ Each value represents the -average, of ~ at - . 
least three independent measuremenCs . — The use of~distilled water - 
in the ?asa-Jell process produced a surface that gave -a water-con- 
tact angle between 3 and 15®, whereas the .use of deionized .water 
gave an angle-soDe ten degrees higher. It was further noted thac**- 
if the drying was done in a nitrogen stream and the water drop-in- 
troduced while the sample was still in the nitrogen atmosphere, the 
drop would spread as observed by Harkins and Grafton (9) . 

The effect of laboratory air present in the drying step of the 
alloy cleaning process was exaniined by measuring the water contact 
angle at various times of exposure to laboratoiry air for the alloy 



• CL TABln ruX 


CONTACT ANGLES OE VARIOUS LIQUIDS ON PREPARED SURFACES OF 
* .. TI-6-A1-4-V SAMPLES AT 25®C - - 


Liquid 

^fater 
Hercury 
Octane * 

Diglyme . 

DMAC - ■ 

Octane/water 

Polyanlc acid solution 




Preparation 


Cleaned 


As -Received 


0-25® 54® 

Not Measured 160® 

0 ® ^ 0 ® _ 
0 ® ^ 5 ® . 

8® 23® 

175®-180® 140® 

12® v2S® 



Qualtiyi 


1 


/A. 


surface after the altru-;ja drylag step of rli^ ?asa~JeJ.l inechod. 
Typical rtisuits are giv^ia in FigiTra 17. Atcer each Kieasurenent, 
the drop was evaporated under a nitrogea strran followed by e:<— 
posure to lab air for the indicated tine and appLication of a 
new drop for measurenenc. The water contact angle (Figure 17) 



' Qctane/Uatar laterfaclal Coatacc Airglas: > Heasurainaa.il of. 

the octane /water/ tltaaium alloy Inrerf acla.1 contact angle verified 
tae increasing contact angle noted in Figure ISl ^ A freshly 
cleaned surface' gave an-in.cerf acial contact angle gg app roxi nately “ 
175"^ (Xabla^IXT). Exposure to lah’ air for thirty mlxiutes decreased 
the Heasured .inter faciaL^ angle to 152^3, close to the value observed 
for the. untreaced surface, ^ Thus . octane/wateor/so-lid contact angle . 
deer eased .wit^h dinner eas ing._ c on t ami na cloil of^tae— Tirr6-4 surface, i 


The^.. octane/water/interf acial.. contact^atrgT’e j according,-to sr- ' 1". j 
Easdlton- ^ 'indicate '.-the ixydrophidicity -a£5:ha-JcLlearLed: se tali 

surface andr provides- ah ‘^estitnarion /of-, the polar, forces ’(noa-idi^eryj: 
sion foXces)nactnn^.^ ^tha- interface::^/ eduatin n 



surface^^tensiotL'-of octane v( 21- 8 <dyn.es/czO-y and 
-facial free energy 'contribution from hy drophilic (polar).- iniieric-^l'V- 
*tions at the solid/water': in terrace.’* -“The value -of *48 3 -is-<the- 1 ^^h/:j 
sccjerir^ntally detemined water /octane intarfacfal--enargy- Cdynes/- 
cm) • According to Hamilton (12) 3 * solids capable, of ’ dispersion.^ 
interactions only have a octane /water /so lid conract angle of-SC^.^— - 
For surfaces with polar sites, .the contact angle is h—50® “due -to' 
interaction, of tha polar * sites x^ith water^' - The smaller octane/ 
water contact angles for the cleaned surface and the surface ez^posed 
to lab air shows the effect of contairiiiiatiDn on contact angle . - 


Differences in the- contact angles .for diglyme and DMIC’ (Table . 
IIX) on the - titanizm alloy make tan interesting comparison ‘in*, view 
of the scanning "electron microscopy results .r Diglyxae wets theil / . 
cleaned surface whereas DMAC has a finite contact angle. ^ The as— 
received inatarial -which has a higher level of contaminatioa- still -- 
ezdiibics a smaller digiyme contact angle than does DHAC. Xha 
correlation between fracture strength, and wetting as observed in 
'the scanning electron microscope has been discussed above. The '■ 

correlation is new further documented by ^ the .measured contact 

angles. The smaller contact angle for diglyi^ compared to DM4C may 
be indichtive of the better wettability of digiyme. for the titanium 
alloy. /' ■ . "M : f ‘ : ^ 

' 1 , - 'i’ V'' V 

' Hater ‘and octane/water contact an gips were. measured on separate 
.Ii-6^4 surfaces coated with 3% and 5% polyamic acid *(BTDA -r ^ 

:D1BP) solutions in digiyme ‘ The average values of, the water and - 
octane/water. contact * angles were' 54 1“^ and 114+ 8® , 'respectively. 

. The high- ani constant water.. contact- angle- indicates- a compact partly 
hydrophobic surface film (13) The value- of 114'* for 'the octane/ \ 
water contact angle is greater than the 50** contact' angle for dis-»-' 
persion forces only implies ^that; the polyamic. acid film is‘‘"V-- : ; 





capable, af polar^ Intara^itloa • 

Cocfllctxcg evldauca on tha role, of* contact: ^gles v* 

adhesion Is^ foand in. the literature* Sharpe and Schonhom (14) -J 
cite a 2ero degree conEact -angle for adhesive.on .substrate as a , 

, valid criteiioti for. selection of .a good adhesive. On the other^ . 

hand,--' 2:^cimiclc (15) found, a poor. correlatioEE between Joint strengths 

and contact 'angles. .^At-:: least .*foir the titaniiisi alloy /polyirride. ^ 

-^systesj -contact, angles -rs^re-significanttaa adhesion ,criteria~if or .the 
-‘^foUoviXLg reasoas.r:^Cl)^i22.. a. .qualitative .way.. Cascert^ning-,^e^l^- - 
. wettabi 
^ the 

-nicroscopy-pr-jCZ) Twater contact .angles- >rere -indicative o f _the lie vel r 
ox coatanioation for ^the^^loy 'surface^ aadl(3),..pctane/watex_corL-^:i.;. 
’ !tacu 
hie of 




7-.-,' J . - C ^l:~„Sp ecnlar/ Reflectance Jn.fr aredJSpectro^^ CSRlS)-;hr ^ 

_ The SKIS study" wasiunderxakeiLiir .anil attempt ito cdrreiate-.the-.. 
intensity of absorptioiL peaks- on the--differeiic.-sainples to the^ • 

aniount of adhesive retnaioing. on the. panels-.-. Reflectance* spectra *' 
of the adhesive were obtained>.£or all .saisples -in. Set: XI'-as ' expected 
because the .scanning electron photomicrographs : showed . significant 
amounts of adhesive present on all samples. ;Xt should be enpha^izec 
that this is an in— situ method for* the infrared analysis of fracture 
-surfaces. , The following assignoients were made based .on the laajor 
•absorpcioiL peaks for sample- lmp2-5 16 f ; 700,.* 8403^.“-9Z0;, 97QvVand lOSO" 
C=^~- Co0, 1200 aad.l37q;ca-l (v C-N);, 1270 ^d. 1730- cntT^Cv^C^ 

It proved inraossible to males, axiy - definite corteiations'^ 'betwsea 
peak, izi teas ± ties, aad the queaclty of adhesive present.oa. e. panel 
Decause of reflectivity differences of. the samples^, Thesa differ- 
ences prevented peak height comparisons . from a common base line. _ 


For this reason^, reflectivity as measured by percent- trans- 
amission, .was used, to characterize the. fracture surfaces - - ^.Xhe- percent 
transmission was measured at 2600 cmrl where no absorption - is 
• occurred. -The percent . transmission .of -a . sample from each series in 
- Sat IX and also for a. polished Ti-6-4' panel, and: an as -received 



percent’ trat^mxssion. val tTe c ^ta :ijfe d.^±a .the--.siagler-.beaa , 
EKsds for the fracture, surfaces of Sec.li ai^ plotted, against Jfee .V--: 
.■.’-respective lap->shear .strength. in-.Figurfc^l8.i^j^jThere. appears-. to be 
a somewhat linear relationship betwe^ percent transa^sion . - ■' 

' aad the shear- strength of the samples. --j-Kiis- may. be of noimore than 








yut. Ac ia -in-Ccrascic 5 to..&afca Sliar. rc:. 
sazrplas of zsco sasar stran^ca (saclas 2rJi-5ia) I'l. ^».bifa bara aatal 
was-saaa In. the SSl-I nicrogrephs have the hl 55 iS 3 C reflaccr-itc/. 



■— - D. Electron. Spectro’scgpy for (^eaical Analysis _(ESCA)-_ - 

•;U Figure. 19 shews tgrpical SSCA spectra .for the ti.tanlun alloy 1. 

f-rri Ti^ ?'=t separate. ZSCA. runs ,on„sarpies .that were either 
the. as-received state or.cleaaed.^ . .Tahle.V ,xs. a .listing, of _the oind— 
;ing energies; -for' titaniun;._.o3ygen.3..nitrogsn^aad„carbon. correcL'e.d. j '~:’ 
for the work function of the spectroceter^ . The -jun cert aTnty^xr T 
; assigmoant/of^tha cited b_i n ding-energie5-.is. ;^.0^3v-e'Viat 
'fideace level::.. deterainedi fore- five.. indep e a d e a t.-sa3!p-ie .,rjQis 
-^ilt erature- .values _3nd_.assign3£nt:siisuAl^^e£.¥^^ S.^gbahtn^.^7^5 

.'(16). _1h.ahin ,d^g . eaargies.cxor t£t3niT3afand_oxygeQlara.:-inr™.^^fi^Ix 
■ exceilsnt .agraenent. with- the valtxes ..ofi.457 .9-aadL529 .^6 ,er repertad-;^.- 

by Eas 3 ±iCarL"C 8 ) -for-_Ti-6-r4. sampl e s , .. ' -. Ths -ob served-ls h Ift - i n-tha 

ihindiag energies of the- titanium .doublat_£roTa-the.-^teratu-i^'.valuae.-.Jl_ 
-is taken' -to: indicate ■th^-presence-■of-~anz:ozid e :- f^^^ Tg -on^lthe:--sn:i ^ ace_.i 
“of th g> Xi-6-4‘ :saiirale At The/ o 2 ygen:peak;-was-typically broad- as-, shown 
in Figure 19b with the main shoulder being of lower energy..': The - . c 
carbon peak in soma spectra esdiibitad- shoulders indicating different . 
types of carbon contamination in. contrast, to the sharp peak ejdiibit-- 
ed in Figure 19c. ■ 


- , T-A3LE V . 

BODING .ENERGIES -O THE ESCA S2EGTBA OF. THE TI-6-AL-4-;y' SAHPLZS. 


Element • Cleaned 


N • 


HD 


Binding EnergyCav) 


As— received 


Lit. Values 


Assigni^nh 


Ti ''.463.4 - 
• - 457.7 “ 

0 ■ ‘ ?^y: 529.3 : 

- C - - ..■-~^'A( 284 )-'“'^ 


■3ci/2. 


■ .462.9 ■ ; . • :_46L ih; ' - 

. 457.1- ‘ ’■'‘■'455' :74h%;. \2p^'^2 

/ • - '528.9 • . ‘ 

. . ' / - • * • ' ' \ -.. 5 - * 

399*..^ 


398o7 


HD ^ not dateredned 



RELATTVK COUMTS ' • >''-RELATIVK- COUNTS 


467.5 .■ B.E. (av) „ 462.5 


539-5- ■ B.S.(ev) 534.5 



292.5 3-E.Cav) 287.5 


.-'406,5 ’ B,.E.(ev) --403-..! 


'•'a'-; Typical SSCA. Spectrum Vf-'TitWLiim, 2.^x]z ^<i-’2p3y2, 

■ ^ ESCA Spectrum of Oi^gea Is^ > 2 ’ 

c..- Typical ESCA Spectrum--of CarBon lsi /2 Elactrou,:-,. 

ESCA Spectrum >of Nitrogen lsx/2 Electron-. 








RELATIVE COUNTS 


’• ~ No Xi signaL.’frTas obsetva.:^ ia. Cba ESCA s?aifcr-ii of. 

Xi— 6— 4 surfaces eoatad rrlth 3Ci and 5% polyacic acxd (E?’DA 
DA3P) solufioris in. dlglyine- ■ Since the escape . depth, of ssccndary 
electrons is 50—100 A., the absence of a titaaiun si^al is due to 
the presence of a iraifom file: thicher. than 59— ICO A., H.s. ccaclus— 
ion. of- a uniform film rather .than .a. patch film is, consistent r^ich 
the measured, contact angles. - . • •. ... t.- . 


■ ‘.~^':-ESCA Studies ."proved to .be. 6flgre^at'vaiue'.in'.'_^sessin.g the-failr- 
;.‘/nra mode of the lap joints-.. - ‘ The -escape, depth .of j_the photo- ejected 
• ..electrons .from tha..Ai-'Ka. x-rays..’is...'50 'to-.;100_A;;L'Jlt.would.ha { r:/'. - 
“respected then .that , •' if "the .-'satples- ver e' ' covered. tdLth a filrxif flicker 
2' 'than 'SO-lOO^Avthe ESGAfspeetra- of:~t aerelementsro£' the . acgs>'£r-d-;2.”^ 
-would not'be; observad..-flThe- lack..-.of 'a ,Ti sigaa]CiS'-seen.-:in..rigura 
20b • for sanpla-.lm2r51.7D3 .-.‘and a.- strongjli sigaaL.jis^.,seen lrr_Fignra-„;; 
.1 '20a for. sanple 2n2— 515D4J'-*lhe results- of .the ESCA.studies on the..-- 
’"'■-^samples'ia' Set- II are" summarized: in Table -VI --^.'-Carbon, joaygert, and- 
-- nitrogen were found "on .-all .fractured, samples, and; on Ithe -as-rteceivad 
g^^asa-Jell' cleaned Ti-6r4‘. panel, .•—yae'jb indin g ei^rgiesy- 
i7‘ bean corrected for the work, fuactioa of .the-.spactrophotomstaE using 
the 2s electron of c^bon." at' 284-' ev'I-.-.'-Th^-intansi’ty of -the". -peak as 
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TABLE -Vil; 

•' ' t‘ . ■'., ...•:.||-'j! 

ESCA 'ANALYSIS OF FRACTUlNS'.'SAilPLEs' 


'(<1 Sample 'J’ype|’'',| 

■ ti'-if -i 1 1 f •"'.'I. 

■•;'C Sample '// •; 

1 /an 


' , Ti-6-4 as’rec'd ii; 

■ 0 42 30 , ’ K i • 0^270 ^ 


* A 

I 

'' <, >1 
> 91 n > 

i .• >• 


457.0 
5.70 • 

■ 

:i,'a u 


; lni2^517D3^ 
041G0 ,l'|;ri 

• L'.i.l'. If 


458 :o,:;y,, 

'li’! ,v 2.0 jli! 


c 


.la„ 


1/2 


DE^(e’v) . 

, ' i(20<f|) •••' ■' 

i 

to 

CD 

'*• .1 - * '* 

A /MIN..! , 

; 6,87 . ■ 

V 6.75 

* i * 

:--24Vf," 

w(uv) 

' '• i;o . . 

t 

.. !•'/ ”■ 

\ ;■ ■ 2.1 hi- 



U 


BE,J (ev)':;-'' 

^®l/2 w(ev) 






* 


1 h >f " 


529.3’^** 529.5«v**;‘;v!.531i0-'[r V!' '1 

: • ■ V-‘ ■ ; ;./• ' ’ '-'i >, !|5’l 


rr 


|3;sK'5 So'-!tJ 

«l il' 


■; I BE^(ev) 

'13 V ■■ ••A/min 


’ 1 / 2 .. 


w’(ev) 


■.;,U - 


no' peak. 





■;399,X,. 

.0^1 i 

2 V 1 • •! 


>, * • 
:■ ; ' J , 

* Ilf A ^ I 

.! S'.'l. 


■ ANC 

' . ' •i- • 


: , I ■ -,.l .. • 

not calculable 


399,6 '..-i; 399 4l,.| :P 

' ’.I f ’ - r ‘ I ' 1 f 5i 

2.5.:j-:;g ,4 

<5 


vl -.1' .!•!.: 

,0. Uiglvi 





* / • 


-v. 

' 

399,2 : . 




’"O-B?: 'J; :■ 

t:; fli'.'i'" 

, ! ‘ 

1 

’ 1' t 


i > . 1 


2,3.' ■ 


■5?1, 8,529, 

2, 

NO 


2,19 


,4"! 

ti 

, 


iglvi energy; shouldcir 







!-c 


fA- 


I 


'> A , 



^ TUS: EiOsli tsisaiflcanc ttoc^’x^; caac rcr’ .rra-::tura , 
seinpls3 (Table VX) no TX- si^ai isras fonr?.d Zor ln2--5i7DJ^ or .. 

/.lia?2.-5i6D4 indicating tne- presence .of, a^fXln an least, as tnXcn as 
; 50—100 A '.on iaa panels... 'This zilat xs saeiL for; tne lr?2*“517 and ‘ 


. Inp2— 516 series in* the SE>f paof 02 iicrograp£ts of Figures '.10 and 12* .CT 
.IXhe.SKH results -showed, than .bare n^tal.was present: on the ;2n2“515 - , 
sauries and the strong ESCA-..T1 signal for sarple. 2ril-515D 4 .clearly - 
supports -^this-^ findings .E^e. SSCA. results-denonstrate. the^ixtilltj: .of . 
the ESCA-tecnnique“inrestablishing.-unahbisuoiisi 3 r ndhesXyexor.:^:'--" ' 'JJ 
eohesive-_f ailura-atL-.the-inolecular -leHrel-of 5CH.i00 1 


‘4^ The pVss^t:’ work. {j 

.to ‘adheslve^etreng thrfr.I)lf fexences TxhJvert^ilitzr: wereccbse”ed:;:.fdfr 


^^\the 'BTDA.d-, res:^7^'digly^ . coii^ared.-lro . tl‘ kis^na ^^.rasirr: ini-..: 

/iDJlAC"* (Sec I) >- A’ higher '-adhesive strehgth-was-.noted'in- 'Kore 
^’^ttable 'system^ -- Alternately /" ^relative- soltd>xlit^k - could. b^kiiotheLF 


l_factor to account* for ^differences in adhesive strengths-- for-3TDA';^‘ .- 
;:ia,ni* DABE and-*BTDA -h;n,t 2 /D^P^^.BTDA- 4* js,p\DABF/end-P>?mAl^^^ 

diglyiEie (Seta l^.aadllT) ^-F'DecreasingJaiSiesive strengths were'" 
Quoted ^th~'expected decreases'^iiFrelativ^ sdliXbxlity g gnally - the -- 
.three resinsi(Sets X “ and -Xi)_ have diffarentu glass transition teis:- - 
" peratures e Again, /the-increasirig adhesiiza""stran 5 th - par^ l i ki ^ 
•decreasing Tq. values .(seerTabla X) .. Work is lrL.”prograss /toydeliae-^ • 

"ate between these several * factors ♦ * 


:-XV. CONCLUSIONS 


. The techniques of...(l) . contact angle Was hrAy^ri t^ (7> ' krrr^n-t '[ 
Spectroscopy for chenical analysis , (3)- specular reflectance infra- 
red spectroscopy, (4) -scanning electron sncroscopy are ?^11 of 

valxie in the-.caaraccerization -of the titanluix alloy /polyiialda resin 
adhesive systeta^ The - titaniun alloy" was identified as being coa-* - 
. posed of an a and a S— phase based _oa scanniiig electron microscopy,' ; 
- Scanning electron photondLcrographs revealed definite'^ ‘changes 
•'Surface- topography of ±he tit aniunf alloy after the* alkaline-* clean— - v 
ing and the acid pickling steps of the • cleaxiing process;:; A corre— * 
'lation of wettability to. fracture strength .for ^e DKAC and'^ diglyna ^ 
solvent -systems was made by use of ' the * scanning electron' microscope ^ 
Failures in, both tha^ .adhesive and'-cohesiva mode were-noted. In.the . 
scanning .electron photomicrogfapli^^ for feacttira surfaces DMAC» 

' and diglym contact" antes’ on the' titanium alloyicorrslated with ' ^7 

-fracture streagthi "'Qcran.^/water-«.tl£ahi,iim alloy -inter facial contact. ' 
‘angles indicated that both. the polyaroLc acid film and -the alloy 
Surface- can. interact hy nonr^dispersion- forces Ig^^tmospherjc-.contamx-r 
'nation reduces the octane/water/soiid contact' The^iiifrared y; 
spectrum- of fracture stjrface can. he.~- obtained 'in sittt»by- specular 
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reflectaace infrared, spectroscopy.' ."The rsflectr^ty- of fracture . 
surfaces is directly related to fracture strangthsl i^iialysis ox 
ESCA spectra based on binding energias .and peak, intensities can be 
used to .detect the- presence of uLtra-tbia adhesi'^re; surface layers. 

Further', the techniauas of Scanning' Elecrfcn. Microscopy. (SSM) , 
Specular- Ref lectance Infrared Spectroscopy. (SKIS) and Slactron 
Spectroscopy_*for‘,ChemicaL^alysis- ,(51SCA) haye proved .copplajssatary 
in ■ this inves tigation ; of : thW- relationships between adherend su r— ' . 

faces and ‘"adhesive properties ' SKIS- ;res\ilts have shown .th e' : ■ 

presence of adhesive on all. fracture- sai3D las; -,SSCLA"^d^.S]^' 

.further clarified the ■nature’lof'the-fractura. STsrxaca.-:thro'u^.jthe.-^-; 
. presence* or_-.ahsenca of -a .liJSSCA suectruia .and -the- observationlo r.r-is ^ 

• lack, of -observation of'itha;.'s’ubstrata-^structure:i.ii3Ljiie' .SEM^hoto--;i-;.--- 
micro graphs^f;. It .is .concluded-. from.- the -res.ults._ofj;Tthe"thres..^£cSi.n_i=^ 
"niques tharirfor^tha- Setr-Li;sE 2 olas 'cohesi-ve faiJuxe.:.was.'no,ted^foi:A^^ 
219D2 ■whereas adhesive . failure: was "noted 'for 220D3-_~Cohesive;l;i^- 
failure was-;_no ted- for" s assies lti2— 51^ and l2ip2— 515 - amd^adhesive;::;:.": 
’ failure wa^noted for •Zp'ZApIS'^in '-SetjllZ:'/ 
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